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Simultaneous exposure of rats to dioxin and carbon monoxide
reduces the xenobiotic but not the hypoxic response
Abstract
Aryl hydrocarbon receptor (AhR) and hypoxia-inducible factor-1alpha (HIF-1alpha) are conditionally
regulated transcription factor subunits that form heterodimeric complexes with their common partner,
AhR nuclear translocator (ARNT/HIF-1beta). Whereas the environmentally toxic compound
2,3,7,8-tetra-chlorodibenzo-p-dioxin (TCDD) initiates the trans-activation activity of
AhR:ARNT/HIF-1beta, hypoxic exposure stabilizes HIF-1alpha and functionally activates the
HIF-1alpha:ARNT/HIF-1beta complex. To analyze a possible crosstalk between these two pathways in
vivo, rats were given dioxin orally and/or were exposed to carbon monoxide (CO), causing functional
anemia. We found that exposure to CO inhibited the xenobiotic response while dioxin application had
no significant negative impact on hypoxia-mediated gene transcription.
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Abstract 
Aryl hydrocarbon receptor (AhR) and hypoxia-inducible factor-1α (HIF-1α) are conditionally 
regulated transcription factor subunits that form heterodimeric complexes with their common 
partner AhR nuclear translocator (ARNT/HIF-1β). Whereas the environmental toxicant 
2,3,7,8-tetra-chlorodibenzo-p-dioxin (TCDD) initiates the trans- activation activity of 
AhR:ARNT/HIF-1β, hypoxic exposure stabilizes HIF-1α and functionally activates the HIF-
1α:ARNT/HIF-1β complex. To analyze a possible crosstalk between these two pathways in 
vivo, rats were given dioxin orally and/or were exposed to carbon monoxide (CO), causing 
functional anemia. We found that exposure to CO inhibited the xenobiotic response while 
dioxin application had no significant negative impact on hypoxia-mediated gene transcription. 
 
Key words: aryl hydrocarbon receptor, cytochrome P450, erythropoietin, hypoxia-inducible 
factor-1, vascular endothelial growth factor 
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Aromatic hydrocarbons, such as 2,3,7,8-tetra-chlorodibenzo-p-dioxin (TCDD), are persistent 
environmental pollutants well known for their adverse effects in humans and animals 
(Conney, 1982; Miller and Miller, 1981; Phillips, 1983; Pohjanvirta and Tuomisto, 1994). 
Harmful biological consequences of exposure to TCDD include a variety of changes in the 
expression of endocrine-related genes such as the estrogen receptor and genes involved in cell 
growth and differentiation (Safe, 1995; Whitlock et al., 1996). It is generally accepted that the 
biological responses leading to these adverse effects are at least partially mediated by the aryl 
hydrocarbon receptor (AhR). This intracellular receptor functions as a ligand-activated 
transcription factor that mediates the metabolic, toxic and possibly carcinogenic effects of 
aromatic hydrocarbons (Gonzalez et al., 1996; Hankinson, 1995). Upon exposure to TCDD, 
cytoplasmic AhR dissociates from the molecular chaperone hsp90 allowing the translocation 
of AhR into the nucleus and heterodimerization with its nuclear dimerization partner AhR 
nuclear translocator (ARNT, also known as HIF-1β) (Carver et al., 1994; Phelan et al., 1998; 
Whitelaw et al., 1995). Despite its name, ARNT is a constitutive nuclear protein (Chilov et 
al., 1999). Binding to the xenobiotic response element (XRE) initiates the transcription of 
genes involved in the metabolism of xenobiotics such as cytochrome P4501A1 (Cyp1A1), one 
of the major target genes of AhR (reviewed by Whitlock, 1999).  
 Besides AhR, ARNT/HIF-1β also heterodimerizes with the transcription factor subunit 
hypoxia-inducible factor-1α (HIF-1α), thereby forming HIF-1. Under hypoxic conditions, 
this ubiquitously expressed complex binds to the hypoxia-response element (HRE) and 
activates genes involved in oxygen homeostasis, including vascular endothelial growth factor 
(VEGF) and erythropoietin (Epo) (reviewed by Hofer et al., 2002; Höpfl et al., 2004; 
Semenza, 2002). Activation of HIF-1 occurs within 2 minutes (Jewell et al., 2001) and is 
critically dependent on hypoxia-induced stabilization of HIF-1α (Huang et al., 1998; Kallio et 
al., 1999; Salceda and Caro, 1997). In contrast to ARNT/HIF-1β, HIF-1α cannot be detected 
above a critical oxygen concentration because it is subjected to rapid ubiquitination and 
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proteasomal degradation (Cockman et al., 2000; Kamura et al., 2000; Ohh et al., 2000; 
Tanimoto et al., 2000). Hypoxic exposure or addition of hypoxia-mimicking reagents (e.g. 
cobalt chloride (CoCl2) or iron chelators) leads to increased HIF-1α protein levels and 
formation of the heterodimeric complex in the nucleus (Ho and Bunn, 1996; Semenza and 
Wang, 1992; Wang and Semenza, 1993; Wanner et al., 2000). The nature of the mammalian 
oxygen sensor and the mechanism that regulates the hypoxia-induced stabilization of HIF-α 
was identified recently (reviewed by Wenger, 2002).  
 AhR, HIF-1α, and ARNT/HIF-1β belong to a subfamily of the basic helix-loop-helix 
(bHLH) class of transcription factors, harbouring a widespread motif of homology termed 
PAS (an acronym for the first family members reported: Per, AhR/ARNT and Sim) (reviewed 
in (Gu et al., 2000). Interestingly, most bHLH proteins function in complex signaling 
networks that involve multiple combinations of bHLH partners, with each pair having a 
unique effect on gene expression. Given that HIF-1α and AhR share the common 
heterodimerization partner ARNT/HIF-1β, raised the question as to which extent oxygen and 
TCDD signaling pathways overlap. Since cells of hepatic origin are generally both TCDD- 
and hypoxia-responsive, we and others previously examined whether activation of HIF-1α 
would affect functional properties of the ligand-induced AhR:ARNT complex in various liver 
cell lines in vitro (Chan et al., 1999; Gassmann et al., 1997; Gradin et al., 1996; Nie et al., 
2001; Pollenz et al., 1999). All studies suggested a functional interference between hypoxia- 
and AhR-mediated signaling pathways, despite some inconsistencies which might have been 
caused, among others, by variations in the degree of hypoxia, the cells were exposed to. This 
cross-talk is most probably caused by competition for ARNT/ HIF-1β recruitment, but 
potentially also by competition for recruitment of common co-factors such as CBP/p300. 
While we and others found a functional dominance of HIF-1 over the TCDD receptor 
(Gassmann and Wenger, 1997; Gradin et al., 1996), Chan et al. as well as Nie et al. postulated 
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that activation of either one pathway would inhibit the other. Interestingly, Pollenz et al. 
suggested that reductions in Cyp1A1 expression in hypoxia do not occur through competition 
for ARNT protein but are due to the reduced metabolic state of the cell. All these data were 
based on in vitro findings. However, the in vivo relevance of this putative cross-talk between 
hypoxia and TCDD signal transduction pathways found in vitro has not been investigated so 
far.  
 To analyze the physiological importance of this postulated interaction in vivo, rats 
were exposed to TCDD and/or chemically induced tissue hypoxia. Rats were given orally 
corn oil for 3 hours with or without TCDD as a supplement. To mimic hypoxia, rats were 
exposed to 0.1% carbon monoxide (CO) for 1h before oral corn oil application and 
subsequently re-exposed to CO for 3 hours. CO is known to induce a functional anemia by 
interrupting the oxygen load of hemoglobin, which leads to reduced oxygenation of the 
organism and a general hypoxic response (Marti et al., 1996). Immediately after these 
treatments, rats were euthanized by decapitation. VEGF and Cyp1A1 mRNA levels in liver 
and brain of 5 to 6 rats of each group were estimated by dot blotting and normalized to 
ribosomal protein L28 mRNA. As shown in Figure 1A, exposure to CO but not treatment 
with TCDD significantly induced (p<0.05, student t test) VEGF mRNA expression about 2-
fold in brain and liver. The extent of hypoxic induction was not significantly affected by 
TCDD treatment. These findings are in accordance with our previous reports, where we 
demonstrated in vitro by Northern blot analysis of VEGF mRNA that the hypoxic response is 
not affected by activating the TCDD signal transduction pathway (Gassmann et al., 1997; 
Gradin et al., 1996). In contrast, reporter gene assays using HRE-driven reporter gene vectors 
performed by others revealed a decreased luciferase response upon co-exposure of Hep3B 
cells to hypoxia-mimicking reagents and TCDD (Chan et al., 1999; Nie et al., 2001). This 
contradictory finding might be explained by the fact that we analyzed endogenous mRNA 
expression levels whereas these groups used a heterologous (over-)expression system in 
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which other commonly involved transcription factors and co-activators might become limited 
(Kobayashi et al., 1997).  
 Analyzing the genetic response to aromatic hydrocarbons, we found an about 11-fold 
up-regulation of Cyp1A1 mRNA in liver 3 hours after oral application of TCDD (Figure 1B). 
Since the brain is less sensitive to TCDD exposure than the liver and since the time span used 
here was too short to induce Cyp1A1 expression in the brain (Unkila et al., 1993), only basal 
levels were detected, regardless of the treatment modality. Interestingly, by co-exposing the 
rats to 0.1 % CO and TCDD, mRNA steady-state levels of cytochrome P4501A1 in the liver 
were reduced by approx. 50% (p<0.05) compared to the mRNA levels upon administration of 
TCDD only. This inhibitory effect of CO on ligand-dependent induction of cytochrome 
P4501A1 transcription suggests that activation of the hypoxic pathway may result in 
interference with TCDD receptor-mediated transcriptional regulation (Chan et al., 1999; 
Gassmann et al., 1997; Gradin et al., 1996). In accordance with previous in vitro data, this 
result indicates that HIF-1α, once activated, dominates over the ligand-stimulated TCDD 
receptor for recruitment of ARNT. As such, it was previously shown that HIF-1α exhibited an 
affinity for ARNT in vitro that was considerably higher than that of the ligand-activated 
dioxin receptor (Gradin et al., 1996). In contrast to these findings, others support a model in 
which ARNT is not the limiting factor (Pollenz et al., 1999). When these authors activated the 
AhR-mediated signalling pathway by TCDD under hypoxic conditions, they found a 
reduction of cytochrome P4501A1 protein without changes in mRNA levels in Hepa-1 cells. 
Therefore, they concluded that the effects of hypoxia on AhR-mediated gene regulation 
occurs distal to the formation of AhR/ARNT complexes and might be related to reduced 
metabolic state of the cell under hypoxic conditions. However, considering that the addition 
of hypoxia-mimicking agents, known to activate HIF-1 under normoxic conditions, reduces 
cytochrome P4501A1 expression as well (Chan et al., 1999), it seems more likely that 
reduction of cytochrome P4501A1 expression is regulated at the mRNA level. 
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 When Chan et al. measured endogenous Epo concentration in normoxic Hep3B cells 
in vitro, they found that the addition of TCDD up-regulated Epo mRNA expression greater 
than 3-fold (Chan et al., 1999). In addition, co-exposure to CoCl2 and TCDD led to an 
additive effect of both hypoxia- and TCDD-mediated mRNA induction. In vitro analyses of 
the proximal Epo promoter region revealed five putative sequences that closely matched the 
XRE consensus sequence. Based on reporter gene experiments, Chan et al. concluded that 
Epo is not only hypoxia-inducible but also a TCDD-responsive gene. To test this notion in 
vivo, we prepared blood serum immediately after euthanasia of the rats and measured Epo 
concentrations by radioimmunoassays. Indeed, when compared with rats exposed to CO only, 
we detected a significant increase (p<0.05) in Epo concentration (40%) following co-exposure 
to CO and TCDD (Figure 2). However, TCDD application alone did not result in increased 
Epo serum levels in vivo (Figure 2), despite the presence of several putative XREs in the rat 
Epo gene 5' flanking region (Hofer T., unpublished observations). Given that TCDD 
treatment under normoxic conditions does not up-regulate Epo expression levels (Figure 2), it 
seems unlikely that the rat Epo gene is regulated by halogenated aromatic hydrocarbons in 
vivo.  
 Taken together, our results support the hypothesis that hypoxia- and TCDD-responsive 
pathways compete for limiting factor(s) resulting in a domination of hypoxia-induced HIF-1α 
over ligand-stimulated TCDD receptor in vivo. Considering that these two pathways overlap, 
the obvious candidate for a limiting factor is ARNT or its homologue in brain and kidney, 
ARNT2, although our data do not exclude the possibility that other commonly involved 
transcriptional activators and co-activators, such as CBP/p300, might limit the xenobiotic 
response. It will be important to determine the implications of our findings for the treatment 
of patients intoxicated with TCDD and derivatives thereof.  
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Figure legends 
 
Fig. 1 Effects of simultaneous dioxin treatment and functionally anemic hypoxia on brain 
and liver gene expression in rats.  
Thirteen week-old male Long-Evans (Turku/AB) rats were given orally either TCDD (5 
μg/kg) in corn oil (4 ml/kg) or corn oil alone. 3 hours after application, rats were euthanized 
by decapitation. As hypoxic stimulus, rats were exposed to 0.1% CO for 1h before oral corn 
oil application and subsequently re-exposed to CO for 3 additional hours. Immediately after 
decapitation, organs were rapidly isolated and stored in liquid nitrogen. RNA isolation, 
blotting procedures and hybridization were performed as described previously (Hofer et al., 
2001). Hybridization probes were obtained as described previously (Gradin et al., 1996). 
Radioactive signals were recorded and quantified by phosphorimaging and VEGF (A) and 
CYP4501A1 (B) mRNA signals were normalized to the signal obtained with a L28 cDNA 
probe to correct for loading differences. Mean ± standard deviation of each group is shown 
(n=5 to 6). Statistically significant differences are indicated as *p<0.05 and **p<0.01, 
respectively. 
 
Fig. 2 Effects of simultaneous dioxin treatment and functionally anemic hypoxia on Epo 
serum levels in rats.  
Rats were treated as described in the legend of Figure 1. Immediately after decapitation, blood 
was collected and allowed to clot on ice for 30 minutes. Serum was separated by 
centrifugation and Epo concentration was measured by radio immunoassay as described 
previously (Wenger et al., 1998). Mean ± standard deviation of each group is shown (n=6). 
Statistically significant differences are indicated as *p<0.05 and **p<0.01, respectively. 
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Figure 1 
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Figure 2 
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